Identifying the factors that influence the species diversity and distribution of ticks (Acari: Ixodida) across vertebrate host taxa is of fundamental ecological and medical importance. Host body size is considered one of the most important determinants of tick abundance, with larger hosts having higher tick burdens. The species diversity of tick assemblages should also be greater on larger-bodied host species, but empirical studies testing this hypothesis are lacking. Here, we evaluate this relationship using a comparative dataset of feeding associations from Panama between 45 tick species and 171 host species that range in body size by three orders of magnitude. We found that tick species diversity increased with host body size for adult ticks but not for immature ticks. We also found that closely related host species tended to have similar tick species diversity, but correcting for host phylogeny did not alter the relationships between host body size and tick species diversity. The distribution of tick species was highly aggregated, with approximately 20% of the host species harboring 80% of all tick species, following the Pareto principle or 20/80 Rule. Thus, the aggregated pattern commonly observed for tick burdens and disease transmission also holds for patterns of tick species richness. Our finding that the adult ticks in this system preferentially parasitize large-bodied host species suggests that the ongoing anthropogenic loss of large-bodied vertebrates is likely to result in host-tick coextinction events, even when immature stages feed opportunistically. As parasites play critical roles in ecological and evolutionary processes, such losses may profoundly affect ecosystem functioning and services.
Introduction
Parasites are an important component of natural communities, in which host species are habitat to a wide range of microparasites (e.g., bacteria and protozoa) and macroparasites (e.g., helminths and arthropods) . Parasite species richness and abundance varies both among and within host taxa, suggesting that some host species are more likely to be parasitized than others (Wilson et al., 2002) . As parasites are able to profoundly affect host survival, fecundity and population dynamics, identifying which host traits explain the non-random pattern in which parasites are distributed across host lineages is highly relevant for human and veterinary medicine, as well as wildlife conservation (Morand and Poulin, 1998; Altizer et al., 2003; Nunn et al., 2003; Ezenwa et al., 2006; Huang et al., 2014) . Knowing which host traits increase the likelihood of parasite host-switching to livestock, humans, or reintroduced wildlife, and predicting which parasites are present in understudied host species, will allow assessing which host species are at greatest risk from infectious diseases by identifying 'problematic' parasites such as host generalists before they emerge (Huang et al., 2014) .
Body size is the host trait most often invoked to explain the structure of parasite assemblages (Poulin, 2004) . Larger hosts have larger external surface areas and thus represent larger "habitats" that provide more space and resources for parasites to exploit (Kuris et al., 1980; Poulin, 1995) . Larger hosts also have larger home ranges, travel longer distances, and may visit more diverse habitats than smaller species, all of which increases their likelihood of acquiring a diverse parasite fauna Krasnov et al., 2004) . On the other hand, body size is negatively correlated with population density (Blackburn et al., 1993; Arneberg, 2002) . Less abundant hosts have lower probabilities of contacting parasites and should therefore accumulate fewer species and individuals of parasites than hosts living at higher densities (Anderson and May 1978; Morand and Poulin, 1998) . Large-bodied hosts also tend to have slower life-history strategies, which is considered a trade-off for higher immunocompetence (Lee, 2006) , so that larger hosts may be more resistant to tick parasitism. Yet a recent meta-analysis identified host body size as a key universal determinant of parasite species richness across host and parasite taxa (Kamiya et al., 2014) . However, one group of parasitic organisms that have rarely been considered in these studies, but which are of considerable medical and veterinary concern, are ticks.
Ticks (Acari: Ixodida) are excellent models for studies on the ecology and evolution of host-parasite associations as they are obligatory blood-feeding arthropods that parasitize every class of terrestrial vertebrates around the world (Sonenshine, 1991) . Like other parasites, ticks are found on only a subset of all apparently suitable hosts (Randolph, 2004) , and which host characteristics drive ecological patterns in tick parasitism remains poorly resolved. While some studies have found clear relationships between intraspecific host traits and tick burdens (T€ alleklint and Jaenson, 1997; Hughes and Randolph, 2001; Harrison et al., 2010; Vor et al., 2010; Kiffner et al., 2011a Kiffner et al., , 2011b Anderson et al., 2013; Heylen et al., 2013) , others have not (Brunner and Ostfeld, 2008; Pollock et al., 2012) . These earlier studies, however, largely focused on a single tick species, mostly from the Ixodes ricinus species complex, and its distribution across one or two host species. In contrast, only few studies have examined host determinants of tick parasitism for a broader range of host taxa (Gallivan and Horak, 1997; Marsot et al., 2012; Hofmeester et al., 2016; Miller et al., 2016) and the question of how the species diversity of tick assemblages (i.e., the "tick fauna" of a host species, sensu Poulin (2004)) covaries with interspecific host traits such as body size remains unresolved.
Species-rich communities of ticks and hosts, such as those found in the New World tropics, provide a great opportunity to tackle this question. Here, we used comparative analyses to assess whether and how tick species richness, diversity, and proportional similarity (henceforward tick assemblage structure) were related to host body size across a wide range of vertebrate host groups in Panama. We show that the results are dependent on tick life stage, with positive relationships of tick assemblage structure with host body size for adult ticks, but a lack of any relationship for immature ticks. We provide possible explanations for this difference and discuss the implications of our findings.
Methods

Study area
We compiled data on tick-host associations from Panama, a country that supports a large diversity of vertebrates, many of which are endemic to the Neotropics (Patterson and Costa, 2012) . Panama is also rich in ticks, both in species and in numbers (Fairchild et al., 1966) . Over forty species of ticks from seven genera and two families have been reported so far, and new species continue to be described (Fairchild et al., 1966; Apanaskevich and Bermúdez, 2013; Nava et al., 2014; Bermúdez et al., 2015a) . Tickhost associations in Panama have been recorded from a wide variety of environmental conditions and habitats, ranging from mangrove swamps to tropical forests and from savannahs to highaltitude cloud forests (Fairchild et al., 1966) . Panama has tropical moist weather with an average diurnal temperature of 27 C. Average temperature and humidity are high throughout most of the country, but considerably milder at elevations >600 m. Elevation ranges from ca. 0e3500 m. Rainfall varies both regionally (ca. 1750e4000 mm) and temporally, with a pronounced dry season in the lowlands from January to April (Ridgely and Gwynne, 1989) .
Data compilation
We used data from Dunn (1923) , Fairchild et al. (1966) , Bermúdez et al. (2009 Bermúdez et al. ( ,2010 Bermúdez et al. ( ,2011 Bermúdez et al. ( ,2013 Bermúdez et al. ( ,2015a , Apanaskevich and Bermúdez (2013) , Murgas et al. (2013) , García et al. (2014) , Esser et al. (2016), and Miller et al. (2016) . In addition, we collected larvae and nymphs from vertebrate hosts between 2008 and 2014, including humans, domestic animals, and wildlife (mammals, amphibians, and reptiles), the latter of which were either found as road kills or sampled during live-capture studies. We searched the entire body of hosts, but only collected ticks found firmly attached, and preserved these in 95% ethanol. Larvae and nymphs of the genus Rhipicephalus (Boophilus) and nymphs of Haemaphysalis were identified using the taxonomic keys provided by Fairchild et al. (1966) . Nymphs of Amblyomma ovale were identified using the taxonomic keys of Martins et al. (2010) . Ornithodoros puertoricensis larvae were identified by morphological descriptions in Venzal et al. (2008) and later confirmed by 16S rDNA sequencing. Larvae and/or nymphs of Amblyomma, Haemaphysalis, and Ixodes ticks that could not be identified based on morphology were sequenced using 16S rDNA, or using the mtDNA COI barcoding fragment, following Miller et al. (2016) .
Given the ectoparasitic nature of ticks, host body size is best reflected by the skin surface area of each host species. Since such data is not readily available, we used the allometric scaling relationship between body mass M and skin surface area A as a measure of host body size, where AfM 2=3 (West et al., 1999) . Data on host body mass (average for males and females, in grams) for each species were obtained from various sources (Eisenberg, 1989; Smith et al., 2003; Dunning, 2007; Greer et al., 2007; De Magalhães and Costa, 2009; Reid, 2009; Meiri, 2010; Arner, 2012; Feldman and Meiri, 2013) and hence raised to a 2/3 power prior to analyses.
Characterization of tick assemblage structure
We used non-parametric methods that consider differences in species abundance (i.e. the number of ticks collected per host species) to compute three indices that have been widely used in ecology: estimated total species richness, true diversity, and proportional similarity. Each of these indices characterizes a different aspect of the tick assemblage structure across vertebrate host species. We used the Chao1 index (Chao, 1984) , an asymptotic estimator of species richness, to compute the number of tick species per host species that would be expected under exhaustive sampling, using the EstimateS software package version 9.1.0 (Colwell, 2013) . Estimation of Chao1 is based on the concept that the number of species that remain undetected in a sample can be estimated from the number of rare species observed within that sample;
where b S Chao1 is the estimated total tick species richness, S obs is the observed tick species richness, n is the number of individual ticks collected, and F 1 and F 2 are respectively the number of tick species observed only once (singletons) or twice (doubletons) on a host species. Values of b S Chao1 approach S obs when the accumulation of tick species on a host has reached an asymptote. We used the exponential of Shannon entropy (Shannon, 1948; MacArthur, 1965) to estimate the "true diversity" (rather than simply species richness) of the tick assemblage for each host species, following Jost (2006) . Adapted to species-level analyses, Shannon entropy is based on both the number and relative abundance of tick species on each host species, thereby taking into account that some ticks are more common than others (Shannon, 1948) . Exponential transformation linearizes the index and allows for diversity to be measured in units of "effective number of species", i.e. numbers of equivalent, equally abundant species. In contrast to Shannon entropy, true diversity obeys the "doubling principle", so that a host species with twice as many equally abundant tick species is twice as diverse (Jost, 2006) . We calculated true diversity over contingency tables with I rows of host species and J columns of tick species, using the R package 'bipartite' (Dormann et al., 2008) 
where H 0 i is the Shannon entropy of the tick assemblage on host species i, and P ij is the proportion of tick species j on host species i. Values of true diversity are equal to S obs for tick assemblages that are perfectly even, i.e., when all tick species are equally abundant.
We used Czekanowski's proportional similarity index (Schoener, 1968; Feinsinger et al., 1981) to quantify the proportion of the total tick population that is supported by each host species, again using the R package 'bipartite' (Dormann et al., 2008) . When adapted to species-level analysis, this index measures the area of overlap between the frequency distribution of the tick assemblage on host species i with that of the total tick population across all hosts (Feinsinger et al., 1981) ;
where PS i is the proportional similarity index for host species i, and q j is the proportion of tick species j in the total tick population. Values of PS i range from q j for host species that harbor only one tick species j to 1 for host species that harbor tick assemblages in direct proportion to the tick population as a whole.
Statistical analysis
Because singletons (i.e. tick species observed only once) were relatively common among the host species in our dataset, we first explored whether the three indices used were truly independent of sampling effort (i.e., number of host individuals examined). To test for this we performed multiple regressions of the three indices on host body size and sampling effort. To meet underlying statistical assumptions (i.e., linearity of relationship, statistical independence of errors, homoscedasticity of errors, and normality of error distribution), we log 10 -transformed host body size, sampling effort, and b S Chao1 estimates prior to analyses. We used a logittransformation for the PS i index as these values represent proportions. For the adult tick fauna, estimated total species richness ( b S Chao1 ) and true diversity (e H 0 i ) were positively related to sample size, but proportional similarity (PS i ) was not. For the immature tick fauna, all three indices were positively related to sample size (Supplementary file 1, Table 1 ). To account for this bias, we substituted each index e with the exception of PS i for adult ticks e by its residual deviation from a linear regression on sample size, following Poulin (1995) and others (Morand and Poulin, 1998; Nunn et al., 2003; Krasnov et al., 2004; Ezenwa et al., 2006) . Since these residuals reflect the deviation of expected values under the regression model, they are independent of sample size and can be used as corrected estimates of the three indices (Poulin, 1995) .
Another confounding factor in comparative analyses is that closely related host species may have similar parasite assemblages and/or may share host traits such as body size through phylogenetic inertia (Felsenstein, 1985) . That is, host species are expected to co-vary in proportion to the amount of time they share in evolutionary history and have only been evolving independently since they diverged from their most recent common ancestor. Treating host species that share much of their phylogenetic history as statistically independent observations is therefore inappropriate, leading to pseudoreplication and higher Type I error rates (Felsenstein, 1985; Harvey and Pagel, 1991; Poulin, 1995) . We tested whether phylogenetic correction was needed by estimating Pagel's l statistic for host body size and each index of the tick assemblage structure using the R package 'phytools' (Pagel, 1999; Revell, 2012 ).
Pagel's l is a scaling parameter that expresses the similarity of the covariances among species relative to the covariances expected under a Brownian motion model of trait evolution. Values range from l ¼ 0 (no phylogenetic association of traits) to l ¼ 1 (strong phylogenetic dependence) (Münkemüller et al., 2012) . We used log-likelihood ratio tests (LRT) based on Chi-Squared distributions with 1 degree of freedom to determine whether maximum likelihood estimates of l values for each trait were significantly different from zero (Freckleton et al., 2002) . The LRT indicated that more closely related host species tended to have similar body sizes and tick assemblage structures, indicating that phylogenetic correction was necessary (Supplementary file 1, Table 2 ).
We corrected for dependence of data points by using Felsenstein's comparative method of phylogenetically independent contrasts (Felsenstein, 1985 (Felsenstein, , 2008 Pagel, 1992) . Assuming a Brownian motion model of trait evolution, this method uses phylogenetic information to contrast the values of all pairs of sister host taxa. Original tip data (i.e., the mean values for a set of host species) are thereby transformed into values that are statistically independent and identically distributed. We computed contrasts using the R package 'ape' (Paradis et al., 2004) . Specifically, we implemented the recently extended version of Felsenstein's method, in which an orthonormal transformation is applied to compute contrasts with standardized coefficients (Felsenstein, 2008) . Phylogenies of the vertebrate species in our data set follow the taxonomy of Wilson and Reeder (2005) with additional resolution derived from several sources (Supplementary file 1, Fig. 1 ). The resulting host phylogenies for the adult and immature tick datasets had respectively 19 and 22 taxonomic levels above species. Accurate branch length information were not available for the whole phylogenetic trees and we therefore set all branch lengths to unity. Because the method of independent contrasts requires a fully bifurcating tree, we randomly resolved polytomies into series of bifurcations with zero length branches, following Purvis and Garland (1993) . Previous studies have shown that both Pagel's l statistic and the independent contrasts method are robust to polytomies, missing branch length information, and evolutionary models different from Brownian motion (Diaz-Uriarte and Garland, 1998; Münkemüller et al., 2012) . Relationships between contrasts of host body size and tick assemblage structure were tested using linear models forced through the origin, following Garland et al. (Garland et al., 1992) . To evaluate the influence of phylogenetically controlled analyses, we also ran non-phylogenetic analyses using the actual species traits. All analyses were carried out with the R statistical software, version 3.2.4 (R Core Team, 2014).
Results
The final dataset for adult ticks included 5494 records, Table 2 Unpublished tick-host associations used in this study. comprising 211 unique tick-host combinations among 41 tick species from 8 genera and 71 host species from 18 orders. The final dataset for immature ticks included 2476 records, comprising 246 unique tick-host combinations among 30 tick species from 8 genera and 130 host species from 18 orders. Both datasets contained tick species from the same genera, (i.e., Amblyomma, Antricola, Argas, Dermacentor, Haemaphysalis, Ixodes, Ornithodoros, and Rhipicephalus) as well as representatives from a diverse range of vertebrate host taxa (i.e., birds, mammals, reptiles, and amphibians), and are available as supplementary file 2. In the adult tick dataset, mammals were the best represented group in terms of taxonomic diversity of both host and tick species, as well as in having the largest number of records (Table 1 ). In the immature tick dataset, birds were the taxonomically most diverse host group, but mammals had the highest diversity of tick species and the largest number of records (Table 1) . More than half (54%) of the records for immature ticks (562 larvae and 776 nymphs) consisted of unpublished data, including a considerable number of tick-host associations that have never been recorded in the literature (Table 2) . This is mostly due to the fact that the larvae and nymphs of several tick species in our dataset (e.g., Amblyomma pecarium, A. sabanerae, A. tapirellum) remain as of yet undescribed morphologically, while many others have been described only recently (see Guglielmone et al., 2014) . The use of DNA sequencing allowed us to identify the immature stages of these tick species and their respective host associations. New host records include Didelphidae (Didelphimorphia) for larvae of A. geayi, A. longirostre, A. naponense, A. pacae, A. sabanerae, and for Table 2) . Estimates of total species richness ( b S Chao1 ), true diversity (e H 0 i ), proportional similarity (PS i ), and host body size were positively-skewed and shared similar ranges for both adult and immature ticks faunas. However, the medians were significantly different (Table 3) . For adults, for example, the 21% 'richest host species' (for which b S Chao1 ! 5) together harbored 71% of all adult tick species. Likewise, for immature ticks, the 18% 'richest host species' (for which b S Chao1 ! 3) together harbored 80% of all immature tick species. Thus, a small proportion of the host species sustained a large proportion of the tick species.
Host body size was positively related to the estimated total species richness (Fig. 1a) , true diversity (Fig. 1b) , and proportional similarity (Fig. 1c ) of adult tick assemblages after controlling for the effects of sampling effort and host phylogeny. No such relationship was found for immature tick assemblages (Fig. 1def, Table 4 ). Similar results with only marginal differences were obtained when Fig. 1 . Relationship between host body size and the structure of adult and immature tick assemblages. Estimated total species richness (a), true diversity (b), and proportional similarity (c) of adult tick assemblages were significantly related to host body size, but no such relationships were found for immature tick assemblages (def). Plotted values are phylogenetically independent contrasts. Regressions were run through the origin and corrected for sampling effort.
we did not control for host phylogeny (Table 4 ). When we repeated the analyses with only those host species for which at least 10 individuals were examined, the positive relationships for adult ticks became even stronger, whereas any relationship between host body size and tick assemblage structure was still lacking for immature ticks (Supplementary file 1, Table 3 ).
Discussion
Our study provides the first empirical evidence for an increase of species richness and diversity of adult tick assemblages with host body size across a wide range of vertebrate host taxa. The proportional similarity of adult tick assemblages also increased with host body size, indicating that larger host species sustained a larger portion of the total adult tick fauna than smaller host species. In contrast, no such relationships were found for immature ticks, indicating that their assemblage structure is independent of host body size. Correcting for host phylogeny did not alter these relationships. These findings suggest that the adult ticks in this highly diverse system preferentially parasitize larger-bodied host species, whereas the immature ticks may potentially have a more opportunistic feeding strategy.
The contrasting results for adult and immature ticks stresses the importance of analyzing their respective host associations independently. Lumping different transmission stages for parasites with complex life cycles may cloud any stage-specific relationship of parasite richness with host body size, particularly if those species are indirectly transmitted (Arneberg, 2002) . This is clearly demonstrated by our study, in which we found strong relationships of host body size with tick assemblage structure for adult ticks, but not for immature ticks. When host associations for adult and immature ticks were combined, all relationships became nonsignificant (results not shown). Such lumping could also explain the discrepancies among comparative studies of other parasite groups across a range of birds, mammals, reptiles, amphibians, and fish. While the host body size e parasite species richness relationship was positive in some studies (Gregory et al., 1996; Arneberg, 2002; Ezenwa et al., 2006; Huang et al., 2014) , it was less consistent (Poulin, 1995; Hughes and Page, 2007; Kiffner et al., 2014) or even absent in others (Feliu et al., 1997; Morand and Poulin, 1998; Clayton and Walther, 2001; Stanko et al., 2002; Nunn et al., 2003; Krasnov et al., 2004) after host phylogeny was controlled for. Future comparative studies should therefore account for potential variation among different transmission stages by analyzing their host associations separately.
What might explain the discrepancy between the host body size e tick diversity patterns between adult and immature ticks? A plausible explanation is higher host specificity in adult ticks for species with a multi-host life cycle. Most of the tick species in our dataset follow a three-host life cycle, in which larvae, nymphs and adults feed from different host individuals that may belong to distinct species . While immature ticks use these hosts only for feeding, the adults of many tick species also use hosts for finding a mating partner. This difference might drive selection for more host-specific feeding, apparently for largerbodied species, in adult ticks and more opportunistic feeding in immature ticks (Espinaze et al., 2015) .
In addition, several morphological and physiological characteristics of adult ticks may facilitate specificity for larger-bodied host species. Adult ticks have larger surface area to volume ratios and are therefore less sensitive to water stress, a major cause of mortality, than the smaller immature ticks (Randolph and Storey, 1999) . This difference in desiccation risk is reflected by the vertical position at which adult and immature ticks quest for a host: immature ticks tend to stay closer to the more moist conditions at the base of the vegetation, thereby having access to host species of all body sizes, whereas adult ticks quest in higher vegetation layers, where they may miss the smaller host species (Randolph and Storey, 1999) . Adult ticks also have higher fat reserves and a slower metabolic rate than immature ticks, allowing them to quest and survive for longer periods of time, which in turn increases their chances of encountering large-bodied host species that typically have lower population densities (Randolph, 2004) .
A meta-analysis on host specificity in Neotropical hard ticks indeed showed that immature ticks tend to be less host-specific than their adult counterparts (Nava and Guglielmone, 2013) . One hypothesis put forward by the authors is that larvae and nymphs may have greater adaptive plasticity than adult ticks (Nava and Guglielmone, 2013) . However, a recent experimental test showed that while immature ticks were less discriminating in their host choice than adults, their engorgement success and survival rates dropped drastically when feeding on atypical host species (Dietrich et al., 2014) . Thus, there should be at least some selection for host use during the immature life stages as well, so that one would expect a relationship, albeit weak, between the assemblage structure of immature ticks and host traits such as body size. Variation in the quality of our dataset could partially account for the lack of such relationship. Over half of our immature tick data originate from published sources that had different objectives and therefore different sampling protocols. Further, while adult ticks are easily spotted and identified morphologically, immature ticks are more easily missed and, in our study region, notoriously difficult to identify based on morphology. As a result, most published studies typically report only a small number of identified immature ticks. Future studies that aim to identify much larger samples of the immature tick fauna on a given host species are much needed if we are to elucidate which host traits determine the assemblage structure of immature ticks. Alternatively, the assemblage structure of immature ticks may be related to specific host traits that vary among individuals of a host species rather than across host species. For example, physiological and/or behavioral differences between male and female hosts may explain why some studies found sex-biased parasitism, usually towards male hosts, in both Ixodid and Argasid immature ticks (Krasnov et al., 2012) . Tick assemblage structure may also show temporal and/ or spatial variability, but few studies have examined these variations in the tropics (Lareschi and Krasnov, 2010) . Future comparative studies in tropical regions should target specific host species for which detailed information can be collected through space and time, including individual host traits (e.g. sex, age, reproductive status) and environmental conditions (e.g. relative humidity, ambient temperature, season). Such studies are then able to test for the independent effects of both intrinsic (host-related) and extrinsic (environmental) factors on the structure of tick assemblages.
Finally, our findings provide additional confirmation that tickhost interactions follow the Pareto principle (Woolhouse et al., 1997) , i.e., that a minority of host species harbor a majority of tick species. The highly skewed distribution in which parasites and pathogens are dispersed over their hosts has previously been demonstrated for tick burdens (Kiffner et al., 2011b; Marsot et al., 2012) and tick-borne disease transmission (Perkins et al., 2003) . Our results indicate that the same principle also applies to tick species richness, with approximately 20% of the host species harboring 80% of all tick species, a pattern also known as the '20/80' rule (Woolhouse et al., 1997) .
The findings of our study are relevant for human and veterinary health as well as biodiversity conservation. We show that adult ticks preferentially feed from larger-bodied host species, which suggests that humans and livestock have an increased risk of acquiring tick bites from a wide range of species. On the other hand, large species of wildlife tend to be disproportionally affected by anthropogenic disturbances such as habitat loss and fragmentation (Cardillo et al., 2005) . Loss of these species is therefore likely to result in host-tick coextinction events, even if immature stages feed opportunistically (Lafferty, 2012) . As parasites play critical roles in ecological and evolutionary processes, such losses may profoundly affect ecosystem functioning as well as the long-term persistence of vertebrate hosts by indirectly favoring generalist parasites and pathogens (G omez and Nichols, 2013) .
